BACKGROUND: Little is known regarding the neurocognitive impact of temporal lobe tumor resection. OBJECTIVE: To clarify subacute surgery-related changes in neurocognitive functioning (NCF) in patients with left (LTL) and right (RTL) temporal lobe glioma. METHODS: Patients with glioma in the LTL (n = 45) or RTL (n = 19) completed comprehensive pre-and postsurgical neuropsychological assessments. NCF was analyzed with 2-way mixed design repeated-measures analysis of variance, with hemisphere (LTL or RTL) as an independent between-subjects factor and pre-and postoperative NCF as a within-subjects factor. RESULTS: About 60% of patients with LTL glioma and 40% with RTL lesions exhibited significant worsening on at least 1 NCF test. Domains most commonly impacted included verbal memory and executive functioning. Patients with LTL tumor showed greater decline than patients with RTL tumor on verbal memory and confrontation naming tests. Nonetheless, over one-third of patients with RTL lesions also showed verbal memory decline. CONCLUSION: In patients with temporal lobe glioma, NCF decline in the subacute postoperative period is common. As expected, patients with LTL tumor show more frequent and severe decline than patients with RTL tumor, particularly on verbally mediated measures. However, a considerable proportion of patients with RTL tumor also exhibit decline across various domains, even those typically associated with left hemisphere structures, such as verbal memory. While patients with RTL lesions may show even greater decline in visuospatial memory, this domain was not assessed. Nonetheless, neuropsychological assessment can identify acquired deficits and help facilitate early intervention in patients with temporal lobe glioma.
by clinical neurological examination or brief mental status screening, which are relatively insensitive to impairment of higher-level neurocognitive functioning (NCF). 7, 8 Studies of NCF in patients with glioma have increasingly utilized a comprehensive neuropsychological approach, [9] [10] [11] [12] [13] although few include both pre-and postoperative testing. Nonetheless, a recent study of NCF in patients with insular glioma showed that approximately 50% of patients exhibited postoperative decline, particularly with memory and executive functions.
14 Although a sizeable proportion of patients with glioma exhibit postsurgical NCF decline, improved or stable functioning has also been documented. 15, 16 Additionally, it is often assumed that patients with right hemisphere tumors are less likely to develop postoperative decline. Given relatively small studies in glioma, larger outcome studies with other focal neurological populations are useful when considering the potential relationships between NCF and resection of temporal lobe glioma.
A convergence of research has shown that the left temporal lobe (LTL) facilitates verbal memory and other language functions, whereas the right temporal lobe (RTL) is primarily associated with visuospatial memory and nonverbal abilities, assuming left hemisphere language dominance. 17 In patients with temporal lobe epilepsy, dominant LTL resections are associated with verbal memory decline and RTL resection with visuospatial memory decline, particularly when the hippocampal complex is involved. 18 In a systematic review, Sherman and colleagues 19 reported pooled estimates indicating that 44% of patients with LTL epilepsy exhibited verbal memory decline following surgery, compared with 20% showing verbal memory decline after RTL surgery. Additionally, object naming declined in 34% of LTL patients, with greater worsening related to larger extent of resection. Conversely, relatively few patients showed decline in intelligence, executive functioning, verbal fluency, and attention following LTL or RTL surgery. Despite similarities between populations, generalizing from epilepsy studies to glioma may be misleading. Patients with brain tumors tend to have less severe but more diffuse NCF impairment compared with other focal neurological populations, even when similar brain areas are involved. 20 This may relate to pathophysiological processes unique to glioma, in which most tumors begin by displacing neuronal tissues without actually causing immediate damage. Gliomas also tend to be diffuse and infiltrative, and residual tumor cells may invade functional brain regions even after resection, impacting the integrity of distributed neural networks underlying numerous cognitive functions. 8 The present study aims to clarify changes in NCF associated with surgical resection of glioma within the LTL and RTL, while accounting for relevant patient and treatment characteristics. By characterizing NCF outcomes with a comprehensive neuropsychological approach, surgeons may be better able to counsel patients on the potential NCF risks and benefits associated with resection. 
Data Collection and Coding

Tumor Location and Volume
Three distinct temporal lobe areas were defined to specify tumor location, including the lateral anterior, lateral posterior, and medial regions ( Figure 1 ). 21 Tumors with extension into 2 or more areas were considered multiregion. Tumor location was classified as involving eloquent, near-eloquent, or noneloquent regions. 22 Tumors classified as eloquent or near-eloquent involved or approached structures associated with speech/language (ie, Brodmann areas 22, 39, 40, 44, 45) and/or sensorimotor functions (ie, Brodmann areas 1, 2, 3, 4). Volumetric analysis was performed on magnetic resonance imaging (MRI) scans with MedVision 1.41 software. 23 Postoperative MRI was obtained within 72 hours of surgery. Extent of resection was determined with volumetric data from pre-and postoperative T1 sequences. For primarily gadoliniumenhancing tumors, T1 hyperintensity was used for resection calculations, whereas T1 hypointensity was used with nonenhancing lesions. Table 1 lists the neuropsychological tests by domain that were routinely included in the assessment. Alternate forms were utilized for postsurgical evaluation to minimize practice effects on Hopkins Verbal Learning Test-Revised (HVLT-R), Token, and Controlled Oral Word Association (COWA). The number of patients administered a given test differed by instrument, because the evaluations utilized a flexible approach and were performed for clinical purposes. Approximately half of the sample did not have data for HVLT-R delayed recall (HVLT-R DR) and HVLT-R delayed recognition (HVLT-R Rec), because clinic practices initially utilized an earlier version of the HVLT. Nonetheless, HVLT-R total recall (HVLT-R TR) trials are identical between versions, and HVLT-R normative data were used for all HVLT variables as indicated in Table 1 
Neurocognitive Testing
Statistical Analysis
Independent-samples t tests and x 2 goodness-of-fit tests were used to compare differences in demographic and clinical characteristics between LTL and RTL groups. Fisher exact tests were used for categorical comparisons in which 20% or more cells had sample sizes less than 5. Results of NCF performances were evaluated with 2-way mixed design repeated-measures analyses of variance (ANOVA), with hemisphere (LTL or RTL) as an independent between-subjects factor and pre-and postoperative NCF as a within-subjects factor. Separate ANOVAs were performed for each NCF measure. Follow-up comparisons of NCF change scores were performed with independent-sample t tests. Frequency of changes was described with percentages. Because of sample size restrictions, classifications were collapsed into Declined (z-score change #21.0) or Stable/Improved groups (z-score change $20.99) for inferential analyses. Frequency of Decline vs Stable/Improved NCF was compared with x 2 goodness-of-fit or Fisher exact tests. Spearman rank-order correlations (r) were used to determine relationships between tumor and clinical characteristics with postsurgical NCF change for the LTL and RTL groups separately. Sensitivity analyses were conducted with independent-sample t tests comparing NCF performances by handedness, seizure status, operative procedure (ie, awake vs asleep craniotomy), and adjuvant treatment received (chemotherapy and/or radiation vs none) at the time of follow-up evaluation. NCF change scores were analyzed by temporal lobe tumor location (region) with 1-way ANOVA. All statistical analyses were performed with SPSS 21.0 (IBM Corp). 37 Given the exploratory nature of the investigation, 2-sided tests were used with a significance level of P # .05.
RESULTS
Demographic and Clinical Characteristics
Sample characteristics are presented in Table 2 . The sample was predominantly white (89%) and right-handed (86%). The majority of patients were diagnosed with glioblastoma (55%), astrocytoma (25%), or oligodendroglioma (11%), and 71% of all tumors were anaplastic. Tumors were most commonly located in the medial (41%) temporal lobe region, with 95% of lesions involving eloquent or near-eloquent tissue. Most patients had gross or near total resections (% tumor resected; M = 94.8, SD = 10.8).
The average intervals between NCF assessments and surgery were slightly more than 1 month for both preoperative and postoperative evaluations. Demographic and clinical characteristics did not significantly differ between the LTL and RTL groups across all demographic and clinical characteristics, with the exception of surgical procedure in which patients with LTL tumors had significantly more frequent awake craniotomies than the RTL group [64% vs 5%, x 2 (1,N = 64) = 18.79, P , .001]. 
Neurocognitive Functioning
The results of 2-way mixed design repeated-measures ANOVA are displayed in Table 3 
Frequency of Neurocognitive Change
Frequency and severity of NCF decline across LTL and RTL groups are depicted in Figure 3 . For the LTL group, Decline (z-score change #21.00) was most frequent on measures of verbal learning and memory (HVLT-R: TR, 59%; DR, 63%; Rec, 51%), executive functioning (TMTB, 47%), object naming (Naming, 34%), upper extremity manual dexterity (Peg, 28%), and CTB Comp (64%). Of those who declined on these measures, 7% to 33% exhibited Severe Decline (z-score change #23.00). Rates of Improvement (z-score change $1.00) were less than 15% across all measures. For the RTL group, decline was most frequent on measures of processing speed (TMTA, 40%), executive functioning (TMTB, 40%), verbal learning and memory (HVLT-R: TR, 31%; DR, 28%), and CTB Comp (43%). Of those who declined, Severe Decline was only noted on measures of processing speed and executive functioning (17%). For patients with RTL glioma, Improvement was noted on measures of motor functioning (Grip, 27%; Peg, 20%) and a verbally based measure of executive function (Similarities, 18%). Comparisons of rates of change (Declined vs Stable/Improved) revealed that the LTL group declined significantly more frequently than RTL patients in verbal learning [HVLT-R TR: 59% vs 31%, x 2 (1,N = 61) = 4.09, P = .043], verbal recognition memory (HVLT-R Rec: 28% vs 0%, P = .026, Fisher exact test), and object naming (Naming: 34% vs 6%, P = .044, Fisher exact test). 
Clinical Characteristics and Neurocognitive Change
In light of the potential impact of residual lesion and resection characteristics, correlational analyses were performed associating NCF change scores with extent of resection and postoperative fluidattenuated inversion recovery (FLAIR) volume. FLAIR volume was not associated with any change scores for the LTL or RTL group. Change scores did not differ by temporal lobe region involved for either group. For the LTL group, extent of resection had significant inverse associations with verbal memory [HVLT-R Rec: r(34) = 0.35, P = .038] and upper extremity strength change scores [Grip: r(32) = 20.40, P = .020], indicating that, as more tissue is removed, verbal memory and contralateral weakness worsen.
Given the finding that patients with LTL glioma were more likely to have awake craniotomies than the RTL group, NCF performances and change scores were compared by operative procedure (ie, awake vs asleep). As previously noted, these analyses were only conducted for the LTL group because only a single patient with RTL tumor had the awake procedure. Table 3 for sample size descriptions. Error bars represent standard error of the mean. *Significant difference between LTL and RTL groups, P # .05. LTL, left temporal lobe; RTL, right temporal lobe. 
DISCUSSION
To our knowledge, this represents the first study to comprehensively characterize changes in NCF in the subacute postoperative period following resection of glioma within the temporal lobes. Postsurgical decline was common, with over 60% of patients with LTL glioma and 40% with RTL lesions exhibiting at least mild worsening on one or more measures. However, the pattern and severity of decline differed by hemisphere. For LTL patients, decline was diffuse but most frequent in verbal learning, memory, executive functioning, object naming, and manual dexterity. Postsurgical worsening was relatively less frequent in patients with RTL lesions but still common on measures of processing speed, executive functioning, and verbal learning and memory. It is notable that both LTL and RTL patients exhibited decline in verbal learning and memory, but the frequency and magnitude of decline tended to be greater in LTL patients. For both groups, postsurgical decline was unrelated to seizure status or adjuvant treatment, in line with prior investigations. 7, 14 Patients with LTL tumors were more likely to have awake craniotomies than those with RTL glioma, which is unsurprising given the known importance of LTL structures to language functions that are frequently examined during awake procedures. Such procedures permit intraoperative mapping of language abilities and presumably allow for greater surgical avoidance of eloquent tissues important to speech. Interestingly, LTL patients who underwent awake craniotomy had greater postoperative decline than those under general anesthesia across measures of attention, memory, and naming abilities. Perhaps the most intuitive explanations of this finding include the possibility that awake mappings were performed on those with greatest involvement of eloquent tissues, and/or the awake procedure may afford the surgeon greater extent of resection, both of which may involve increased risk of adverse impact upon NCF. However, the observed differences by operative procedure appeared unrelated to temporal lobe region involved, eloquence, preoperative tumor volume, extent of resection, or postoperative FLAIR volume, making such potential explanations unsatisfactory. Nonetheless, a trend was observed in which those who underwent the awake procedure had somewhat better preoperative NCF than those who underwent asleep procedures, although these differences were not significant. As such, it is possible that those with greater preoperative NCF are at increased risk of decline following surgery, because they have more NCF capacity to lose following any acquired injury, whether from surgery or otherwise. Indeed, these trends are consistent with the temporal lobe epilepsy literature indicating that those with greater preoperative levels of NCF show the greatest decline following surgery. 38 Future studies are needed to better understand these and other risk factors associated with postoperative decline.
Also consistent with known NCF outcomes following neurosurgery for temporal lobe epilepsy 19, [39] [40] [41] is the finding of more prominent verbal memory and object naming decline in patients with LTL tumor. Although slightly different criteria were utilized to define decline, Sherman and colleagues 19 reported that 34% of patients with epilepsy who underwent LTL surgery exhibited worsening in object naming-the same proportion of patients with LTL glioma exhibiting decline after resection in the present study. However, decline in verbal memory was considerably more common in patients with glioma postresection compared with patients with temporal lobe epilepsy postsurgery, for both LTL (63% vs 44%) and RTL (31% vs 20%) surgeries. Although this difference may be due in part to method variance, it is also possible that surgical differences play a role. In the present study, tumors were most commonly located within the medial temporal lobe (41%), which includes the hippocampal formation important to memory. 42 Given that most patients had gross total resections of their lesions, it is likely that a large proportion of tumor resections involved at least partial removal of the hippocampal formation with resulting decline in memory performances. This is in contrast to temporal lobe epilepsy surgeries that often involve hippocampal sparing techniques that may result in greater preservation of memory. Despite this possibility, no relationship was discernible between NCF change and the temporal lobe region involved. However, these analyses were limited by the relatively small sample size, particularly for the RTL group. This question should be investigated in future larger-scale studies to better determine which structures are most critical to maintaining postsurgical NCF in patients with glioma, and for which cognitive domains.
Although no significant relationships between temporal lobe region and neurocognitive profile were observed, the results remain generally consistent with known brain-behavior relationships. Specifically, the prominent declines in verbal memory and naming following LTL glioma resection are expected given the role of LTL cortical association areas in the perception and semantic activation of verbal material, 42 LTL white matter tracts in language processing, 43 and LTL medial structures in verbal learning and memory. 42, 44 In contrast, the RTL is often associated with visuospatial rather than verbal functions. 40, 45 Surprisingly, verbal learning and memory decline of at least mild magnitude was observed in 31% and 28% of patients with RTL lesions, respectively. Further, this finding cannot be attributed to the possibility of mixed or crossed language dominance, because few patients (n = 2) with RTL tumors were left-handed, and change scores did not differ by handedness. This adds to mounting evidence suggesting that the temporal lobes do not process material in a wholly dichotomous, material-specific manner. 46, 47 That is, broader bilateral networks appear to support important cognitive functions previously presumed to be strictly lateralized in nature. Accordingly, neurosurgical intervention for RTL tumor poses risk for executive and processing speed decline, in addition to significant worsening in domains not typically associated with RTL structures, such as verbal memory.
Although decline was frequent in all patients, about 34% of patients with LTL glioma and 57% of patients with RTL tumors were stable or slightly improved on the global composite measure. These findings are similar to those of Talachhi and colleagues, 15 who reported stable postoperative functioning in 38% to 55% of glioma patients. Additionally, relatively few patients exhibited postoperative worsening of a moderate or severe degree (ie, zscore change #22.0; LTL, 28%; RTL, 14%). It should be noted that follow-up NCF evaluation was conducted in the subacute postsurgical period, and it is possible that additional patients improved or returned to baseline over a longer interval. Indeed, positive change in delayed memory was associated with greater time since resection in patients with RTL tumors, and improved strength was associated with time since surgery for patients with LTL glioma. Future longitudinal investigations with longer follow-up intervals would help clarify the postsurgical recovery trajectories in temporal lobe glioma.
Limitations
Although it is possible that the relatively modest sample size may limit the robustness of the findings, our sample is of comparable or even favorable size with previous studies regarding relationships between glioma and NCF. Importantly, the findings remained similar when the data were analyzed as discrete (ie, impairment frequency) or continuous variables (ie, z-score change). Further, the results dovetail with the more established literature discussed above regarding NCF outcomes following neurosurgery for temporal lobe epilepsy, lending additional support to the present results. Another potential limitation involves selection bias, because the data represent a retrospective investigation of clinically referred patients. However, our sample is of similar composition to glioma epidemiological data regarding distribution of histology, tumor location, and age at diagnosis, 48 supporting the representativeness of the sample. It is also notable that the study sample was slightly more highly educated than the general population. Given the potential impact of such demographic factors on NCF, performances were adjusted for age and education on appropriate measures. Additionally, no clinical or demographic factors significantly differed between LTL and RTL groups. Accordingly, such concerns cannot account for differences in NCF outcomes between the LTL and RTL groups. Nonetheless, large-scale prospective studies are needed to replicate and validate these findings. Such investigations would additionally benefit from standardization of neuroimaging protocols, more detailed description of operative approach, and the use of more stringent thresholds for significance not afforded by this relatively small exploratory study.
Given the clinical nature of the NCF evaluations, a flexible neuropsychological approach was utilized, and patients were administered both a core set of common tests as well as individually prescribed tests based on particular clinical questions and patient performance. These factors limited the sample sizes across a number of tests, particularly for the smaller RTL group, reducing the power and robustness of some analyses. The study would have also benefitted from inclusion of measures of visuospatial memory and other nonverbal abilities with greater sensitivity to processes believed to be more dependent on RTL structures. 42, 45 Given this limitation, it is possible that rates of postoperative impairment or decline are underestimated for the RTL group, which would further highlight the importance of RTL structures to NCF. Nonetheless, the findings provide valuable information regarding NCF change related to surgical intervention for glioma of the temporal lobes, supporting the importance of both LTL and RTL structures in the maintenance of postoperative NCF.
CONCLUSION
NCF decline following resection of temporal lobe glioma is common, particularly in the domains of verbal memory and executive functioning, regardless of hemisphere involved. However, patients with LTL lesions exhibit the greatest risk of decline in both of these domains, as well as expressive language. Although at least mild decline was frequent in both LTL and RTL patients, severe decline was relatively infrequent. As such, maximal resection of temporal lobe glioma appears feasible with acceptable risk of large postoperative NCF worsening. However, patients are likely to experience some degradation in NCF in the subacute postsurgical period, including verbal memory decline, even for those with tumors within the RTL. This study provides information to guide discussions with patients regarding the risks involved with surgical resection. Further, neuropsychological assessment can identify acquired deficits in the early postoperative period and facilitate early intervention, both pharmacological (eg, psychostimulants) and neurobehavioral (eg, cognitive rehabilitation and speech therapy), which may help maximize recovery and patient well-being.
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